ABSTRACT.X-ray diffraction photographs were taken of ice dendrites grown from water and from the vapour. In both cases [II20] was found to be the growth direction.
INTRODUCTION
Ice crystals consist of water molecules arranged in layers of hexagonal rings as shown in Fig. Ia (p. 398) , the molecules in each ring being alternately above and below the layer plane. This structure bears some resemblance to the structure of the hexagonal metals such as magnesium, cadmium and titanium, shown in Fig. Ib , although, as will be seen, it is not identical.
Surprisingly, no direct determination of the crystal directions in a snow flake has been made, although some data have been obtained for the analogous case of ice dendrites developing in water. Megaw 1found that heavy ice (DzO) grew fastest from the liquid in a (II20) direction,"" and Owston Z observed that the spicules which developed under an ice layer and protruded into the water were elongated in (lOIO) directions. The only evidence for the growth direction of ice forming from the vapour has been provided by Mason and Owston, 3 who measured the orientation of "hopper-shaped" crystals formed in a cold chamber, and found that their faces were {lOIO} planes, which implies that their points, and hence the growth directions, were (1120) directions.
In view of these rather indirect and conflicting results, it was decided to try to measure the direction of growth of ice dendrites formed both in water and from the vapour.
A second unsolved problem in the study of ice crystals is the direction in which ice crystals slip when deformed. McConnel 4 showed tl1at ice crystals slip on the basal plane, but subsequent attempts to find a particular direction of slip have failed. Both Miigge 5 and Tammann and Salge 6 found no difference in the stress needed to shear ice along various directions in the basal plane. As metal and other crystals which deform by slip all do so along specific rows of atoms on their slip planes, it was also decided to try to determine these directions by the methods normally used for metals.
THE GROWTH DIRECTION OF ICE
Water dendrites were obtained by allowing a bowl of water to freeze in a refrigerator; the first ice consisted of plate-like dendrites, like the one shown in Fig. 2 (p. 395) . One of these was removed, mounted on an X-ray goniometer, and carefully oriented so that it had its growth direction vertical and its plane perpendicular to the X-ray beam. During exposure cold air, obtained by boiling liquid air in a vacuum flask, was blown over the specimen. The resulting diffraction pattern (Fig. 3 , p. 395) shows the hexagonal symmetry clearly, and allows us to say that this water dendrite was elongated in the <II20) directions. In a similar manner a dendrite grown from the vapour was removed from the walls of the refrigerator, mounted with its axis vertical and X-rayed. Fig. 4 (p. 395) shows the specimen mounted on the goniometer as seen by the X-ray film, and Fig. 5 (p. 395) the resulting diffraction pattern. Owing to the very delicate nature of this specimen, its orientation could not be set so exactly, and the resulting pattern is not so well oriented or so clear as that from the water dendrite. A longer exposure was impracticable because of the large amount of fine frost deposited on the specimen, which could not be blown off as was done with more bulky specimens; this frost is responsible for the small spots on the diffraction pattern. Despite the relative weakness of this pattern it is clear that the vertical growth direction is the same as in the case of the water dendrite, i.e. it grew along the <II 20) In order to test the mechanical properties of ice single crystals, it is desirable to grow cylindrical crystals, several millimetres in diameter, with any desired orientation. In the past, large ice crystals have been grown by Nacken 7 and Adams and Lewis 8 using a seed in water, and by Jona and Scherrer,9, 10who have used controlled cooling and also the method of drawing a crystal from the melt. While these methods can give very large crystals, they are normally not of controlled shape, and could not be used to give the desired cylindrical crystals without difficulty. To overcome this, a method has been developed for growing crystals in glass tubes in water. This method bears some relation to that by which Lavrov 11 obtained polycrystalline specimens for bending experiments; it has been briefly mentioned in a preliminary publication. 12 
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This simple method is shown in Fig. 6 (below) ; it has proved very successful, yielding clear single crystals of the expected orientation. They can be removed by cutting or melting the ice to extract the tubes and then gently warming them until the crystal slides out.
DEFORMATION OF SINGLE CRYSTALS
In order to test these crystals, their ends were frozen into small cups made by turning down brass nuts and soldering eyelets into their ends. These cups were filled with ice-cold water, and the ends of the crystals were put in; the surrounding water was then allowed to freeze into the threads of the cups.
After mounting, the specimens were extended in a single crystal testing machine originally designed by Professor E. Orowan. This machine uses a spring to supply the load necessary to extend the specimen, and measures the strain by an optical lever giving a magnification of 400. If the specimen deforms uniformly, the length of the spring can be so adjusted that, to the first order, the reduction in length of the spring as the specimen extends reduces the load by just the right amount to keep the resolved shear stress on the glide plane constant. The specimen holder of this machine projected into a refrigerator so that the crystal was pulled at a temperature of _6°C.
A total of eleven crystals were pulled; of these eight had the angle between the optic and cylinder axes about 45°, two had this angle 30°and one specimen 0°. All except the last pulled down to form a tape in the same way as do metal single crystals, but non-uniformly. This means that the load compensation referred to in the last paragraph was of no effect. A photograph of a deformed crystal has already been published 12; the tape shape is to be expected from a material which is slipping on a single set of glide planes. (p. 395) shows a specimen before and after straining. This crystal has deformed inhomogeneously, but not quite as simply as the one shown in the previous paper; two separate necks can be seen, and the tape at the bottom is not flat, but kinked along a vertical line.
In all cases the crystals remained single throughout the test (their detailed structure will be discussed further below), but one specimen which was kept in paraffin at about -20°C. started to recrystallize three days after straining, and, in the course of a week, developed several new crystals in the neck.
The strain time curves taken from the specimens are shown in Figs. 8 and 9 (p. 399)' In all cases except that of the one specimen where the angle ()between the optic and cylinder axes was zero, there is a period of accelerating creep. This is to be expected in specimens in which inhomogeneous deformation is occurring, for the resolved stress in the glide direction increases as the deformation proceeds. For this reason no useful deduction can be made from these curves. The tensile stress calculated for the original area is marked against each curve.
The curve for Specimen v, which had (}"""'oo, may appear surprising, as the resolved shear stress on the glide plane would be zero if ()were exactly 0°. The existence of creep is probably due to a small misorientation, for the tubes were set in the bowl of water with an accuracy of only a degree or two. If it is assumed that (}=2°, the creep rate is just what would be expected if a fourth power law of the type found in polycrystals 13 were valid, and the minimum rate observed in Test iv was the true minimum flow rate. This agreement is probably fortuitous, but the very slow deformation of this specimen is strong evidence against a second deformation mode with its slip direction not in the basal plane. This specimen finally cleaved on the basal plane at some time between 72 and 92 hours from the beginning of the test.
THE SEARCH FOR THE GLIDE ELEMENTS
When a crystal pulls down to a tape, as ice does, the slip plane should tend more and more to become the plane of the tape, while the slip direction should tend to become the direction of the tape. Therefore one way to find the glide elements is to find the orientation of a tape. Of course, if a second glide system starts to act, it may stop these tendencies, but, in general, it will also destroy the tape-like shape, unless the new system has the same glide plane as the original one. Now it is most improbable that a second glide direction in the same plane will become active, as the ratio of the resolved shear stress on any such system to that on the original system will become less and less as time proceeds, and experiments on many sorts of crystals have shown that a second system never acts unless this ratio exceeds unity.
• A preliminary experiment was therefore made on a crystal pulled down to a narrow tape (the local strain in the neck was some 600 per cent). Optical examination showed that the plane of the tape was very nearly the basal plane. This not only confirms that the basal plane is the most easy slip plane in ice, but also shows that slip on any other plane must be very much more difficult, as the resolved shear stress on some plane of any other low index group would be very much larger than that on the basal plane by the time a deformation as large as 600 per cent has been reached. Together with the observation on the specimen with (}"""'oo, this shows that no other deformation mode normally occurs in ice.
However, there remains the question of the slip direction. This cannot be determined optically, so X-rays were again used. In order to interpret the rather complex pictures expected from heavily deformed crystals, an X-ray pattern was taken from a plate a few millimetres thick cut from the ice formed on the top of a bowl of water. This was grown in the same way as the water dendrite, but the freezing was allowed to continue further. The optic axis was set optically to be parallel to the X-ray beam, using a polarizing attachment previously described.l4 The resulting X-ray diffraction pattern is given in Fig. 10 (p. 396) . It shows that the process of filling in the dendrites has distorted the perfect crystallinity of the ice, as the spots are now somewhat smudged. Apart from this the pattern is almost identical with that of the dendrite, but more intense. The increase of intensity allows us to see more clearly the diffuse spots near the centre. These are due to the thermal vibrations of the lattice and are given by the intense KIX lines of X-ray spectrum. Unlike the Laue spots, these diffuse reHexions are rather insensitive to the disorientations in the lattice. In consequence they are extremely useful for finding the approximate orientation of deformed crystals. They have previously been observed in ice by Owston,2 who discusses the theory of their formation in detail. The pulled single crystal was then substituted for the ice plate on the X-ray goniometer and was oriented optically so that the X-ray beam was parallel to the optic axis and the length of the tape was in the vertical plane containing the beam.
The first pulled crystal to be examined gave an easily identifiable pattern, but the vertical direction was almost exactly half-way between a <1010) and a <1I20) direction, which are the two most probable directions for glide in the basal plane.
In subsequent tests the orientation of the crystal was determined both before and after pulling (two typical patterns are shown in Figs. II and 12 on page 396) , and the resulting orientations were represented on a stereographic net, plotting the direction of the tension axis relative to the crystal axes. On such a plot, the point representing the specimen axis should move, as straining proceeds, towards the point corresponding to the glide direction. Four further specimens were tested; of these three were pulled down to very thin tapes, while the fourth (Specimen xii) was given a smaller deformation. Fig. 13 (p. 399) shows the results to be confusing. The points corresponding to the specimen axes of ix and x appear to have moved out radially. This would imply slip in the direction of greatest stress in the glide plane irrespective of its crystallographic nature. Specimen xii appeared to slip in a <1I20) direction, while Specimen viii moved in a quite unaccountable way.
As the loci of these points are determined only at their two ends, it remains possible that all the crystals started slipping in a <1I20) direction, but that they deviated later. This should be further checked. Any other interpretation of these results is difficult, unless the behaviour of ice depends on some variable not adequately controlled in these tests.
ASTERISM AND POL YGONIZATION OF ICE
The pattern (Fig. 3) obtained from the ice dendrite has small, clear spots, showing that the part traversed by the X-ray beam is a perfect single crystal. When the ice had filled in and thickened (Fig. 10, p. 396 ) the spots had smeared somewhat. This phenomenon is known as asterism. The single crystals grown from this thickening ice had an even greater spread of orientation (Fig. II, p. 396) , while after deformation the broadening is so great (Fig. 12, p. 396 ) that the orientation would be difficult to find were it not for the diffuse spots. This spread of orientation is hardly surprising when one considers how a lamella of ice must have been bent as it passed from the virtually undeformed part of the crystal into the neck, and even greater bending may be expected if the crystal is X-rayed, not through the neck, but at the point which is just being pulled out. Such a pattern is shown in Fig. 14 (p. 396) , which confirms that even greater misorientations are present.
Figs. 12 and 14 reveal a further point of interest. The broadened spots appear to have split up, at least partially, into new spots. This would correspond to parts of a uniformly bent lattice rearranging themselves into a series of pieces of perfect crystal, each slightly out of orientation with the next, a process called cell formation or polygonization by metal physicists.
Another interesting observation is that Specimen xii, which had been deformed somewhat less than the other crystals, but which nevertheless had extended some 100 per cent in the neck, showed comparatively little increase in asterism over the single crystal (Fig. IS, p. 396 ).
DISCUSSION
The tension tests on single crystals show that, when a crystal with an angle of about 30°or 45°between the optic and tension axes is stretched, it does not deform uniformly, but a small part of its length is strained much more than the surrounding part, and is pulled down to a tape. This observation is easily eXplained; if any part of the crystal deforms more than the adjacent sections, the resolved shear stress on this part is increased more. Thus any slight inhomogeneity in the first deformation tends to get exaggerated. Metal crystals sometimes do pull down uniformly, but only because the rate of work hardening is high enough to compensate the additional stress produced. Inhomogeneities are therefore most likely to occur if the rate of stress increase is large (that is, if the angle between the tension axis and the glide direction is near 45°) or if the work hardening is low (which occurs at temperatures near the melting point). These predictions are borne out by the behaviour of metal crystals, as shown by Andrade and Roscoe,15 and it is hardly surprising that ice shows inhomogeneous deformation so near to the melting point, where the rate of work hardening is very low. This difficulty can be avoided by choosing angles near 0°or 90°b etween optic and specimen axes, but no detailed work has been done on these cases. Our experiments indicate that no second slip or twinning mode enters in the creep of ice, so that such tests should be feasible. The attempts to determine the glide elements of ice confirm that the basal plane (0001) is the glide plane. This is also the glide plane of many hexagonal metals, where, however, there is also a definite glide direction easily detectable (the close packed <Il20) direction). Examination of the crystal structure of ice shows that this is still the probable glide direction, as the atoms near a basal plane are rumpled (unlike the case of metals) and grooves run in <Il20) directions.
The results obtained are difficult to interpret. It may be that ice near the melting point does not slip along definite crystallographic directions, possibly because many bonds are broken (Bjerrum 16) . These may allow glide to occur along a direction of maximum shear stress in the basal plane, which is the plane with fewest bonds perpendicular to it. Another possible explanation is that slip occurs in different proportions on two crystallographically equivalent directions in the basal plane, but if we assume that slip occurs on both systems according to the law connecting resolved shear stress T and strain rate y of the form found by Steinemann 17 y=k-r n then the specimen would only apparently slip in the direction of greatest resolved shear stress in the glide plane if n=I, whereas Steinemann found n to be 2 to 4.
Another interesting observation concerns the Laue asterism. The single crystals, even before straining, showed a certain degree of asterism (Fig. I I) , and a diffraction pattern from a point in a specimen where the local deformation was about 100 per cent, as measured by the change in orientation, showed little increase in asterism (Fig. IS) ' This implies that at this stage of the deformation little further misorientation had occurred. Similar observations have frequently been, made on hexagonal metals, but cubic metals normally show large asterisms at a much earlier stage, . probably because of the interaction between various possible glide planes. At large strains, asterism had greatly increased (Figs. 12 and 14) , which is interesting in itself, but far more interesting is the fact that the spots are now split up into smaller dense spots with a less dense background between. This must mean that the ice consists of many small regions of relatively perfect crystal with a slight difference of orientation between them. The background may be due to the smallness of the crystallites or to connecting regions of bent crystal. Independently of the present work, Steinemann 17 has found splitting of the X-ray asterisms in deformed ice single crystals.
Similar results were obtained by Cahn 18 on annealing strained aluminium, by Greenough, Bateman and Smith 19on deforming aluminium at a high temperature, and by Suiter and Wood 20 on an hexagonal metal (magnesium). They are usually attributed to polygonization, a process in which dislocations, which get locked during the deformation and cause the asterism, migrate into walls leaving regions of relatively perfect crystal It seems reasonable to assume that this process occurs also in ice. ACKNOWLEDGEMENT The work described in this paper was carried out while one of us (J.W. 
